Nuclear export of mRNA  by Zenklusen, Daniel & Stutz, Françoise
Minireview
Nuclear export of mRNA
Daniel Zenklusen, Franc°oise Stutz*
Institute of Microbiology, Centre Hospitalier Universitaire Vaudois, 44, rue du Bugnon, 1011 Lausanne, Switzerland
Received 4 May 2001; accepted 4 May 2001
First published online 17 May 2001
Edited by Gunnar von Heijne
Abstract Export of mRNA through nuclear pore complexes
(NPC) is preceded by multiple and well coordinated processing
steps, resulting in the formation of an export competent
ribonucleoprotein complex (mRNP). Numerous factors involved
in the translocation of the mRNP through the NPC and its
release into the cytoplasm have been isolated mainly through
genetic approaches in yeast, and putative functional homologues
have been identified in metazoan systems. Understanding the
mechanism of mRNA export relies, in part, on the functional
characterization of these factors and the establishment of a
complete network of molecular interactions. Here we summarize
recent progress in the characterization of yeast and mammalian
components implicated in the export of an mRNA from the
nucleus to the cytoplasm. ß 2001 Published by Elsevier Sci-
ence B.V. on behalf of the Federation of European Biochemical
Societies.
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1. Nucleo-cytoplasmic transport
The harmonious growth of eukaryotic cells relies on the
constant exchange of macromolecules between the nucleus
and the cytoplasm. Nucleo-cytoplasmic transport occurs
through nuclear pore complexes (NPCs), huge macromolecu-
lar assemblies inserted within the nuclear envelope. Proteins
termed nucleoporins (Nups) assemble to form the NPC, which
ranges in size from 50 MDa in Saccharomyces cerevisiae to
125 MDa in higher eukaryotes and whose overall architecture
is evolutionarily conserved [1]. The yeast NPC consists of
about 30 di¡erent Nups, half of which contain degenerate
FG repeats (FG nucleoporins) providing docking sites for
transport complexes on the NPC [2,3]. Nuclear transport is
energy-dependent and signal-mediated. Nuclear localization
signals and nuclear export signals (NES) direct proteins for
nuclear import or export through interactions with transport
receptors of the importin-L family (termed karyopherins, or
importins/exportins). Yeast contains 14 karyopherins, four of
which are exportins. Karyopherins share an N-terminal do-
main involved in binding the small GTPase Ran, and presum-
ably mediate movement of their cargoes through interactions
with both Ran-GTP and FG nucleoporins. Directionality of
transport is ensured by the asymmetric distribution of Ran-
GTP (nuclear) and Ran-GDP (cytoplasmic), re£ecting com-
partmentalization of the GDP/GTP exchange factor for Ran
in the nucleus and its GTPase activating protein (GAP) in the
cytoplasm. Ran-GTP binding to importins triggers the disso-
ciation of cargo^import receptor complexes upon arrival in
the nucleus. Conversely, Ran-GTP binding to exportins is
required for the formation of cargo^export receptor com-
plexes within the nucleus. These complexes disassemble and
are released from the cytoplasmic side of the pore through
GAP-induced Ran-GTP hydrolysis [4,5].
2. RNA export pathways
The di¡erent classes of RNAs, including tRNAs, rRNAs,
UsnRNAs and mRNAs, are exported as ribonucleoprotein
complexes (RNPs) through distinct pathways de¢ned by spe-
ci¢c signals present on the RNA and/or the RNA-bound pro-
teins [6]. Export of most RNAs is dependent on Ran-GTP,
suggesting a direct or indirect role of karyopherins [7].
A major contributor to our understanding of nuclear export
pathways is the HIV-1 Rev protein. Binding of Rev to the
RRE, a highly structured RNA sequence present on partially
spliced or unspliced viral transcripts, promotes the nuclear
exit of these RNAs normally retained within the nucleus.
This results in the expression of viral structural proteins and
packaging of new viral particles in the cytoplasm. Rev con-
tains the ¢rst NES identi¢ed which directly interacts with the
export receptor Crm1/Xpo1 in a Ran-GTP-dependent manner
and Crm1 was shown to mediate the export of RRE-contain-
ing transcripts by interaction with the viral adapter protein
Rev [8]. Crm1 was subsequently shown to be the receptor for
cellular proteins containing a Rev-like NES. In addition,
Crm1 directs the export of UsnRNAs and 5S rRNA in higher
eukaryotes, and of the 60S ribosomal subunit in yeast,
through interactions with speci¢c cellular adapter proteins
[9^11].
Substantial evidence supports that neither Crm1 nor other
karyopherins are major contributors to mRNA export
whether in yeast or metazoan systems [12^14]. Although
Ran is important for mRNA export, its requirement is varia-
ble and dependent on the nature of the transcript. The role of
Ran in this process may be indirect and re£ect the recycling of
mRNA binding proteins essential for mRNA export back to
the nucleus [7,15,16]. More generally, nuclear export of
mRNAs in the form of mRNPs is expected to be more com-
plex than export of proteins or small RNA molecules and
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transport directionality may be achieved through distinct
mechanisms.
A considerable number of factors have been linked to
mRNA export. Many of them were initially identi¢ed in S.
cerevisiae, by screening for conditional mutants that accumu-
late poly(A) RNA in the nucleus at the restrictive temper-
ature, or screens for genetic interactions with Nups or other
transport-related factors [17,18]. The factors involved in
mRNA export comprise RNA binding proteins (Npl3p,
Nab2p, Hrp1, Yra1p, Mex67p), NPC or NPC-associated pro-
teins (Mtr2p, Gle1p, Rip1p, Gle2p, Nup116p, the Nup84 and
Nup159 NPC sub-complexes) and Dbp5p, a DEAD box
ATPase/RNA helicase [19]. Putative metazoan orthologues
have been identi¢ed for most of these proteins, strongly sug-
gesting that the basic mechanism for mRNA export is con-
served [20,21].
3. hnRNP proteins and mRNA export
Newly synthesized precursor RNAs become associated with
numerous heterogeneous nuclear (hn) RNP proteins/process-
ing factors and undergo a series of maturation steps, including
5P capping, splicing, 3P end cleavage and polyadenylation,
resulting in the formation of mature and export-competent
mRNP complexes [20]. Accumulating evidence suggests that
processing reactions may generate signals on the mRNP nec-
essary for the subsequent interaction with the export machi-
nery, i.e. splicing and 3P end processing defects lead to nuclear
retention both in yeast and in mammalian systems [22^24].
This functional coupling may be part of quality control mech-
anisms ensuring that only fully matured transcripts reach the
cytoplasm [25] (Fig. 1).
Because a subset of hnRNP proteins remain associated with
the mRNA during export and shuttle between nucleus and
cytoplasm, they were suggested to contain signals mediating
nuclear exit. The abundant mammalian hnRNP proteins A1
and K contain signals conferring shuttling activity upon a
passenger protein; however, no speci¢c export receptor has
been identi¢ed for these signals and it is unclear whether
hnRNPA1 plays a direct role in mRNA export [20]. Similarly,
no direct connection has been established between compo-
nents of the export machinery and the yeast hnRNP-like pro-
teins Npl3p, Hrp1p/Nab4p, Nab2p, all three essential for
mRNA export. Since the shuttling of these RNA binding
proteins is dependent on RNA synthesis, they may be passive
cargoes of the mRNP [26,27]. Genetic and physical interac-
Fig. 1. Model for mRNA export. Nascent polymerase II transcripts (1) rapidly associate with hnRNP/processing factors for 5P capping, splic-
ing, 3P cleavage and polyadenylation resulting in a mature and export-competent mRNP complex. In higher eukaryotes, splicing deposits a pro-
tein mark 20^24 nucleotides upstream of the exon^exon junction, which includes Aly/REF (2). In yeast, association of Yra1p with the mRNP
may be di¡erent and independent of splicing, as only a small percentage of yeast genes contain introns. A putative surveillance mechanism en-
sures that only properly processed transcripts are released from their transcription site (3). After release from the transcription site and recruit-
ment of the export receptor Mex67p/TAP (as Mex67p-Mtr2p or TAP-p15 heterodimers) by Yra1p/REF (4), the mRNP is directed towards the
NPC. Mex67p/TAP subsequently mediates translocation of the mRNP through the pore by sequential interactions with FG nucleoporins. On
the cytoplasmic side, the RNA helicase Dbp5 may trigger the release of the mRNP from the pore (5) and induce the recycling of mRNP com-
ponents back to the nucleus for another round of export (6). For references see text.
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tions functionally relate Npl3p to the cap binding protein
Cbp80p and the 3P end processing factors Hrp1p, Rna14p
and Rna15p. It is possible that these proteins contribute to
mRNA export indirectly, by ensuring proper processing and
packaging of the mRNP [28,29].
4. The mRNA export receptor TAP/Mex67p
A key issue in mRNA export is the question of what fac-
tor(s) mediates the export-relevant interactions between the
mRNP and the NPC. Currently, the most likely candidate is
the essential yeast protein Mex67p and its human homologue
TAP. Although not related in sequence to importin-L,
Mex67p and TAP present the main features of mRNA export
receptors. TAP and Mex67p shuttle between nucleus and cy-
toplasm, cross-links to poly(A) RNA and interact directly
with FG nucleoporins [30^33]. However, neither TAP nor
Mex67p appears to interact with Ran. Consistent with a direct
role in mRNA export, mutations in Mex67p induce a rapid
and robust nuclear accumulation of poly(A) RNA [34]. TAP
was ¢rst identi¢ed as the cellular factor interacting with the
constitutive transport element (CTE) present in RNAs from
type D simple retroviruses and TAP promotes the export of
CTE-containing transcripts [31,32,35]. As nuclear injection of
CTE RNA into Xenopus oocytes competes with the export of
cellular mRNAs, TAP was proposed to be implicated in the
mRNA export pathway [36]. Consistently, over-expression of
TAP in Xenopus oocytes or tissue cultured cells stimulates the
export of transcripts that are otherwise ine⁄ciently exported
or retained within the nucleus, indicating a direct role in
mRNA export [37,38].
5. TAP/Mex67p functional domains and partners
TAP and Mex67p are members of the NXF (nuclear export
factor) family of putative mRNA export receptors, which has
several members in most higher eukaryotes [38]. NXF knock-
outs in nematodes or Drosophila are lethal, underlining the
functional importance of these proteins in di¡erent species
([38,39] ; E. Izaurralde, personal communication). NXF pro-
teins present a conserved modular architecture and consider-
able progress has recently been made in de¢ning structural
and functional domains of TAP/Mex67p. Crystal structures
show that the N-terminal region of TAP includes a non-can-
onical RNP-type RNA binding domain (RBD) and four leu-
cine-rich repeats (LRR). This region exhibits general RNA
binding a⁄nity and both the RBD and LRR are required
for speci¢c binding to the CTE [40]. The N-terminal domain
also interacts with mRNP-associated proteins such as E1B-
AP5 or REF (see below) and is probably involved in targeting
TAP to cellular mRNPs [30] (Fig. 2).
The central domain of TAP interacts with p15/NXT1, a
small protein related to the Ran-GDP binding nuclear trans-
port factor NTF2 [33,41,42]. The p15 binding domain of TAP
is itself related to NTF2 (NTF2-like), and a model for hetero-
dimerization between TAP and p15 was inferred from the
known homodimeric structure of NTF2 [43,44]. Interestingly,
Mex67p similarly heterodimerizes with Mtr2p, a small NPC-
associated protein essential for mRNA export in yeast [45].
Mtr2p is not related in sequence to p15/NXT1, but a mex673/
mtr23 double deletion is rescued by co-expression of TAP
and p15, supporting that the TAP^p15 and Mex67p^Mtr2p
heterodimers have similar functions [33].
Fig. 2. Schematic diagram of TAP/Mex67p functional domains and partners. The domain organization of TAP and Mex67p is conserved.
Based on crystal structure analysis, the N-terminal or substrate binding domain of TAP consists of a non-canonical RNP-like RBD and a
LRR. The RBD and LRR are su⁄cient for CTE binding whereas the whole N-terminus mediates interaction with the RNP binding proteins
REF and E1B-AP5 [30,40,53]. The yeast REF family members Yra1p and Yra2p similarly interact with the N-terminus of Mex67p, in which
the LRR but not the RBD is conserved [54]. TAP and Mex67p also contain conserved NTF2-like and UBA-like domains involved respectively
in p15/NXT1 and Mtr2p heterodimerization, and in association with the NPC. The minimal regions on Mex67p required for Mtr2p and NPC
binding have not been determined. TAP interacts with hGle2 through its C-terminal region, suggesting a role for this interaction in the associa-
tion of TAP with the NPC [30,44,48].
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The C-terminal region of TAP contains a ubiquitin-associ-
ated domain (UBA-like), conserved in Mex67p, which medi-
ates interaction with multiple FG nucleoporins in vitro. The
UBA-like domain of TAP/Mex67p is necessary for stable as-
sociation with the pore and for e⁄cient export of CTE or
mRNA in vivo [30^32,37,44,46].
The role of p15 or Mtr2p in mRNA export has been ad-
dressed in di¡erent ways. A recent report shows that Mex67p
interacts with FG nucleoporins in vitro in the absence of
Mtr2p [47]. Another study indicates, however, that the bind-
ing of Mex67p to FG nucleoporins occurs only in the presence
of Mtr2p and is not dependent on the very C-terminal UBA-
like domain of Mex67p. Consistently, over-expression of
Mtr2p complements the temperature-sensitive phenotype of
a C-terminal deletion of Mex67p which is not stably associ-
ated with the NPC. Mtr2p may therefore modulate the in vivo
interaction of Mex67p with FG repeat sequences [48].
In contrast to Mtr2p, p15/NXT1 binding does not detect-
ably contribute to the interaction of TAP with FG nucleopor-
ins nor to NPC localization [30]. p15/NXT1 binding is not
absolutely required for CTE-dependent export [49]. However,
p15/NXT1 greatly enhances the stimulatory e¡ect of TAP on
the export of cellular mRNAs in tissue cultured cells, indicat-
ing that TAP^p15 heterodimerization is needed for e⁄cient
mRNA export and that mRNA and CTE export have distinct
requirements [37,46]. Consistent with these data, stimulation
of mRNA export by p15/NXT1 was also observed in a re-
cently developed in vitro system [50]. In addition, p15/NXT1
was implicated in tRNA and in Crm1-dependent export of
UsnRNAs and leucine-rich NESs suggesting a function in
both CRM1-dependent and CRM1-independent pathways.
NXT/p15 was proposed to enhance the export of a leucine-
rich NES by stimulating its release from the cytoplasmic face
of the NPC [51]. These e¡ects of p15/NXT1 were suggested to
depend on its ability to interact with Ran-GTP [50]. However,
the interaction of p15/NXT1 with Ran is controversial [33,38].
The exact function of p15/NXT1 and Mtr2p is therefore still
unclear. These proteins may be critical to stabilize respectively
TAP and Mex67p, thereby enhancing the ability of the export
receptors to interact with NPC components or perhaps with
their target mRNPs.
6. Binding of TAP/Mex67p to mRNPs
TAP/Mex67p exhibits low a⁄nity RNA binding and is
likely to interact with cellular mRNPs through protein^pro-
tein rather than protein^RNA interactions [33,45]. Genetic
and a⁄nity puri¢cation methods in yeast identi¢ed Yra1p,
an essential hnRNP-like protein that directly interacts with
Mex67p. Yra1p belongs to the evolutionarily conserved
REF (RNA and export factor binding) family of hnRNP-
like proteins which has several members in most species.
REF proteins contain a central putative RNP-type RBD
and exhibit RNA binding activity in vitro. Surprisingly, it is
the 5P and 3P £anking regions, and not the RBD, that mediate
interaction with both RNA and Mex67p, and the RBD is not
essential for viability in yeast. Depletion of Yra1p is paralleled
by nuclear accumulation of poly(A) RNA supporting that
Yra1p has a direct role in mRNA export. [52^55]. Poly(A)
RNA export is also a¡ected in strains expressing Yra1 mutant
proteins that ine⁄ciently interact with Mex67p in vitro. Af-
¢nity puri¢cation of mRNP complexes from these strains in-
dicates reduced association of Mex67p with these complexes,
consistent with the view that Yra1p recruits Mex67p^Mtr2p
to promote mRNA export [54]. The mouse homologue Aly/
REFI-I interacts with TAP and Mex67p, and partly comple-
ments the non-viable YRA1 null mutant indicating functional
conservation among the REF proteins. Consistent with a di-
rect role in mRNA export, mouse Aly/REF shuttles and stim-
ulates mRNA export in Xenopus oocytes [56,57].
7. mRNA splicing and export are coupled
The presence of an intron often enhances gene expression in
metazoan systems. In Xenopus oocyte injection experiments,
mRNAs generated through splicing are exported at higher
rates than the corresponding synthetic non-intron-containing
transcripts, suggesting that pre-mRNA splicing is biochemi-
cally coupled to mRNA export [58]. Aly/REF may function-
ally link these processes as this protein becomes tightly asso-
ciated with mRNP complexes generated through splicing and
may thereby facilitate the recruitment of TAP to these tran-
scripts. Consistently, Aly/REF accumulates in splicing factor-
containing nuclear speckles [57]. However, splicing may not
be a necessary step for nuclear export of all mRNAs since
only a small percentage of yeast genes contain introns and
many mRNAs lacking introns can be e⁄ciently expressed in
vertebrates. Export-stimulating sequences have been mapped
in some of these transcripts, which may enhance the recruit-
ment of mRNA export factors [59]. Finally, Xenopus oocyte
nuclear injection of anti-REF antibodies inhibits mRNA ex-
port irrespective of splicing, suggesting that spliced and un-
spliced mRNAs use common export factors to reach the cy-
toplasm, which include REF and TAP. Splicing may,
however, confer a kinetic advantage to mRNA export by
facilitating the recruitment of these factors to the mRNP [56].
As a result of splicing, Aly/REF becomes stably bound to
mRNA in a complex with four other proteins, 20^24 bases
upstream of the exon^exon junction, in a splicing-dependent
and sequence-independent manner. These four proteins in-
clude the spliceosome-associated proteins DEK, SRM160,
and RNPS1 and the small shuttling RNA binding protein
Y14 [60,61]. Whereas Aly/REF rapidly dissociates from the
mRNA after nuclear exit, Y14 remains bound to the tran-
scripts within the cytoplasm. The protein mark deposited on
the mRNA as a result of splicing is therefore likely to play a
role in mRNA export as well as in cytoplasmic aspects of the
life cycle of mRNA [62,63] (Fig. 1).
8. Translocation of mRNPs through the NPC
The intranuclear movement of an mRNP from its site of
transcription to the NPC and its translocation through the
pore are still poorly understood. Recent progress in de¢ning
the three-dimensional architecture and composition of NPCs
gave important hints on how the NPC may guide transport
complexes through its aqueous channel. The NPC consists of
a central spoke assembly with an eight-fold symmetry, framed
by nuclear and cytoplasmic rings. Filamentous structures ex-
tend from these rings into the nucleus and the cytoplasm,
forming the nuclear basket and cytoplasmic ¢brils [3]. Proteo-
mic analysis combined with the localization of individual nu-
cleoporins by immuno-electron microscopy (IEM) generated a
low resolution map of the yeast NPC [1,2]. A number of pore
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proteins are part of biochemically de¢ned sub-complexes,
some of which have primary roles in mRNA export (Fig. 3).
Orthologues of most yeast nucleoporins exist in higher eu-
karyotes but the sequence identities are usually not very
high. However, the location of these proteins within the
NPC and their presence in speci¢c sub-complexes indicate a
high degree of functional conservation [21].
FG nucleoporins, which constitute about half of the yeast
Nups, are located at the central core as well as on the basket
and the ¢brils. Mex67p^Mtr2p directly interacts with several
FG repeat proteins, including Nup100, Nup116p, Nup42p,
Nsp1p, and Nup159p, and genetic data support the functional
relevance of these interactions [47,48]. A current model pro-
poses that Mex67p^Mtr2p and, by analogy, TAP^p15 drive
the mRNP through the pore by transient and sequential in-
teractions with these FG repeat domains.
Two yeast NPC sub-complexes, Nup84 and Nup159, are
essential for mRNA export. The Nup84 sub-complex
(Nup145p-C, Nup120p, Nup85p, Nup84p, Sec13p, and
Seh1p) contains no FG nucleoporins and is located on both
the cytoplasmic and nuclear sides of the central core of the
NPC [2,64]. Highly puri¢ed Nup84 sub-complexes analyzed
by electron microscopy exhibit a Y-shaped morphology and
were suggested to participate in the formation of the octago-
nal NPC internal rings. The Nup84 sub-complex was pro-
posed earlier to provide binding sites for Mex67p^Mtr2p at
the pore, but no direct interactions have been demonstrated
yet, raising the possibility that this sub-complex in£uences
Mex67p^Mtr2p targeting to the NPC indirectly, by a¡ecting
pore structure [45,48,65].
The components of the Nup159 sub-complex (Nup159p,
Nup82p, Nsp1p, and more loosely bound Nup116p) are asso-
ciated with the cytoplasmic ¢brils, consistent with a role in a
terminal step of export [1,2,66,67]. This complex contains sev-
eral FG repeat domains able to interact with Mex67p^Mtr2p,
and recruits the DEAD box RNA helicase Dbp5p through an
evolutionarily conserved interaction with Nup159p [68,69].
Dbp5p is essential for mRNA export and its ATPase and
RNA unwinding activities were proposed to mediate the re-
modelling of mRNP complexes emerging on the cytoplasmic
face of the NPC. Dbp5p may contribute to the release of the
mRNA into the cytoplasm and the recycling of mRNP pro-
teins and export factors back into the nucleus (Fig. 1). The
essential mRNA export factor Gle1p and the associated FG
nucleoporin Rip1p/Nup42p are additional proteins on the cy-
toplasmic ¢brils that bind Dbp5p and Mex67p^Mtr2p respec-
tively [48,70]. Gle1p and Nup42p may therefore function in
conjunction with Nup159p components by providing a plat-
form from which the mRNP is released. There is evidence that
Dbp5p shuttles and associates with Yra1p-containing com-
plexes, suggesting a role in earlier, perhaps intranuclear, steps
of mRNA export [47,68,69]. The extent to which Dbp5p may
Fig. 3. Localization of Nups implicated in mRNA export within the NPC structure, as determined by immuno-electron microscopy (IEM)
[1,2]. Yeast proteins and sub-complexes are shown on the right whereas metazoan nucleoporins with a proposed role in mRNA export are
shown on the left. FG repeat-containing nucleoporins or sub-complexes are indicated in red. The Nup84 complex (C-Nup145p, Nup120p,
Nup85p, Nup84p, Sec13p, and Seh1p) is placed symmetrically on both sides of the central core and its role may be primarily structural. Gle1p,
Rip1p, and the Nup159 sub-complex (Nup159p, Nup82p, Nsp1p), in association with Nup116p, are cytoplasmically orientated and involved in
a terminal step of mRNA export. This group of proteins provides binding sites for Mex67p^Mtr2p and the ATPase/RNA helicase Dbp5p. The
mammalian CAN/Nup214 sub-complex (CAN/Nup214, Nup88, p62) is functionally equivalent to the Nup159 sub-complex. Gle2p and hGle2
associate with the pore through a conserved sequence in Nup116p and Nup98 respectively. Whereas Nup98 localizes at the basket, Nup116p
and Gle2p are present on both the nuclear and cytoplasmic sides of the pore. These di¡erences may re£ect changes in steady-state localizations
as Nup98 and hGle2 (like Nup153) are not stably associated with the NPC but shuttle between the nuclear and cytoplasmic compartments
[20]. This raises the possibility that Nup116p and Gle2p may similarly be moving within the NPC. Finally mammalian Tpr and the yeast ho-
mologous proteins Mlp1p and Mlp2p are part of ¢lamentous structures extending from the nuclear basket towards the nuclear interior. These
structures were proposed to contribute to early steps in mRNA export by providing tracks guiding mRNP complexes from the nucleoplasm to-
wards the NPC [84^86].
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contribute to export directionality is unclear, and a better
understanding of the essential role of Dbp5p certainly awaits
the identi¢cation of its speci¢c substrates.
Gle2p is another pore-associated protein that plays a role in
mRNA export. Gle2p and its human homologue hGle2/Rae1
bind the NPC via a conserved sequence in Nup116p and
hNup98 respectively. There is evidence that hGle2/Rae1 shut-
tles and cross-links to poly(A) RNA [71^73]. In Schizosac-
charomyces pombe, Gle2p/Rae1p, but not Mex67p, is essential
for mRNA export. This contrasts with S. cerevisiae where
Mex67p, but not Gle2p, is essential, suggesting that these
proteins have overlapping or redundant functions. Gle2p as-
sociates with Mex67p, directly or within a complex, and this
interaction is conserved in human and S. pombe [30,54,74].
Gle2p/Rae1 may interact with mRNPs via a yet unidenti¢ed
mRNP component and promote export in conjunction with
Mex67p/TAP. Alternatively, Gle2p/Rae1 may contribute to
the interaction of Mex67p/TAP with the nuclear pores.
9. mRNA export regulation and quality control
Diverse mechanisms regulate both protein nuclear import
and export [75]. Increasing evidence suggests that mRNA ex-
port may be subjected to regulation as well. For example, the
e⁄ciency of yeast mRNA export is linked to the phospholi-
pase C-dependent inositol phosphate kinase signalling path-
way [76]. There is also evidence that mRNA export rates may
be modulated by arginine methylation of hnRNP proteins
[77]. Finally, the non-essential yeast E3 ubiquitin ligase
Tom1p was proposed to contribute to the selective export of
transcripts associated with the mRNA binding protein Nab2,
but not to those bound to Npl3p, suggesting the existence of
di¡erentially regulated mRNA export pathways in yeast [78].
Regulation of mRNA export also occurs under stress, when
heat-induced transcripts are e⁄ciently exported but non-heat
shock mRNAs exhibit a reduced ability to reach the cyto-
plasm [79^81,87]. In yeast, heat shock RNA export was ini-
tially proposed to occur through a speci¢c pathway de¢ned by
the FG nucleoporin Rip1p/Nup42p [80,88]. However, this
non-essential NPC protein also contributes to mRNA export
under normal conditions, presumably by acting as a co-factor
for the essential mRNA export factor Gle1p at the pore. This
role of Rip1p is dispensable at low temperature, but becomes
essential under stress [14,70]. More generally, nuclear export
of heat shock and non-heat shock mRNA occurs via similar
pathways, de¢ned by common factors, i.e. Mex67p^Mtr2p,
Dbp5p, and the NPC components speci¢c for mRNA export
[79]. Noteworthy, the hnRNP-like protein Npl3p is one of the
few known proteins essential for normal mRNA but not heat
shock mRNA export. The preferential export of heat-shock
mRNAs under stress may be due, at least in part, to the
dissociation of Npl3p from non heat-shock transcripts and
the formation of abnormal mRNPs [80,81].
Interestingly, inhibition of heat shock mRNA export in a
vRIP strain or in strains carrying mutations in other mRNA
export factors, including Mex67p, Mtr2p, Gle1p, Nup159 and
Dbp5p, leads to hyperadenylation of newly synthesized heat
shock transcripts and to their accumulation at the site of
transcription. Other 3P end formation problems, i.e. absence
of polyA tails, also lead to mRNA retention at the transcrip-
tion site (T.H. Jensen and M. Rosbash, personal communica-
tion). These observations indicate the existence of checkpoint
mechanisms, which ensure that only correctly processed tran-
scripts are released from their site of synthesis and exported to
the cytoplasm. The defect of transcript release may be indirect
and due to the inability of these mutants to terminate export
and recycle factors required for proper 3P end formation. Hy-
peradenylation and retention apply also to non-heat shock
mRNAs and may more generally explain why nucleoporin
mutants de¢cient in mRNA export show an accumulation
of poly(A) RNA inside the nucleus, sometimes as a granular
signal, and not at their site of action at the nuclear pore [82].
10. Concluding remarks
Main players involved in mRNA export have been identi-
¢ed in the few last years and start to get integrated into the
network of interactions underlying this complex cellular pro-
cess. Crystallizations and structure predictions have provided
important tools for probing the function of some of these
proteins and elucidating their mechanism of action [83]. De-
spite these advances, it is still unclear how an mRNP travels
from its site of transcription towards the pore, when and
where TAP/Mex67p is recruited to the mRNP and whether
proteins distinct from REF/Yra1p are involved in this recruit-
ment. Another question concerns the mechanism by which
TAP/Mex67p mediates directional transport of the mRNP
through the pore; how interactions between the export recep-
tor and FG nucleoporins are modulated and whether enzy-
matic activities other than Dbp5 are involved in translocation
and release of the mRNP from the pore. The diversity of
NXF, REF and NXT family members in higher eukaryotes
[38,53] probably re£ects greater substrate complexity in met-
azoan systems and is consistent with the existence of multiple
and possibly di¡erentially regulated export pathways. mRNA
export may therefore provide an additional level of gene ex-
pression control.
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